There is a technological need for hard thin films with high elastic modulus and fracture toughness. Silicon carbide (SiC) fulfills such requirements for a variety of applications at high temperatures and for high-wear MEMS. A detailed study of the mechanical properties of single crystal and polycrystalline 3C-SiC films grown on Si substrates was performed by means of nanoindentation using a Berkovich diamond tip. The thickness of both the single and polycrystalline SiC films was around 1-2 µm. Under indentation loads below 500 µN both films exhibit Hertzian elastic contact without plastic deformation. The polycrystalline SiC films have an elastic modulus of 457 + 50 GPa and hardness of 33.5 + 3.3 GPa, while the single crystalline SiC films elastic modulus and hardness were measured to be 433 + 50 GPa and 31.2 + 3.7 GPa, respectively. These results indicate that polycrystalline SiC thin films are more attractive for MEMS applications when compared with the single crystal 3C-SiC, which is promising since growing single crystal 3C-SiC films is more challenging.
INTRODUCTION
The development of SiC as a microelectronic material for over 2 decades has resulted in enormous prospects for its use in MEMS applications [1, 2] . Mechanical properties of thin films play a pivotal role in determining the lifetime of MEMS devices. We studied cubic SiC (3C-SiC) films grown on Si substrates, which are chemically inert, can withstand high temperatures, and have a high resistance to oxidation. Silicon carbide also has excellent electronic and thermal properties, including large reverse breakdown voltage, high electron mobility, high saturated electron drift velocity and excellent thermal conductivity relative to Si [3] , making SiC attractive for MEMS applications under hostile conditions. Present trends indicate an increasing interest in the cubic polycrystalline form of SiC, namely poly-3C-SiC, as a MEMS material since it can be deposited on various substrates and micromachined in a similar fashion to Si [4] .
Silicon carbide exists in more than 200 polytypes, but only a few are useful in fabricating semiconductor devices, of which 3C-SiC has been widely developed for semiconductors. Since silicon carbide can exist in both polycrystalline and single crystal forms, it is important to compare which film is best suited for MEMS applications by measuring their relative mechanical properties. There are various methods used in determining the mechanical properties of thin films, including the bulge test, micro-beam bending, the micro tensile test [2] , nanoindentation, etc. In this paper nanoindentation was used to characterize the mechanical properties of single crystal and polycrystalline 3C-SiC films grown on Si substrates in order to shed light on which is better suited for MEMS applications, which require good mechanical properties such as hardness, elastic modulus and fracture toughness.
EXPERIMENT
Single crystal (3C-SiC) and polycrystalline (poly-3C-SiC) SiC samples were grown on Si (100) substrates. The samples were grown heteroepitaxially via chemical vapor deposition (CVD) in a hot-wall reactor [3] . The thickness of the samples was around 1-2 µm. The crystallographic orientations of the samples were not taken into consideration for the mechanical properties measurements since one of the films was polycrystalline. The orientation of the single crystal SiC film was (100).
Growth of single crystal 3C-SiC films
3C-SiC single crystal films were grown on a 50 mm diameter Si (100) wafer using a hotwall CVD process. Details of both the reactor and the growth process can be found elsewhere [5] . The 3C-SiC on Si deposition process was developed using the two step carbonization and growth method. C 3 H 8 and SiH 4 were used as the precursor gases to provide carbon and silicon, respectively. Ultra-high purity hydrogen, purified in a palladium diffusion cell, was employed as the carrier gas. Prior to growth, the Si substrates were prepared using the standard RCA cleaning method [6] , followed by a 30 second immersion in diluted hydrofluoric acid to remove surface contaminants and the surface oxide. The first stage of the process, known as the carbonization step, involved heating the Si substrate from room temperature to 1140 °C at atmospheric pressure with a gas flow of 6 standard cubic centimeters per minute (sccm) of C 3 H 8 and 10 standard liters per minute (slm) of H 2 . The temperature was then maintained for two minutes to carbonize the substrate surface. After carbonization, SiH 4 was introduced into the system at 4 sccm and the temperature was increased to the growth temperature of 1375 ºC, and the pressure was changed to 100 Torr for approximately 5 minutes. The temperature and gas flow rates were then maintained at these values during the growth process. By this procedure, a 2 µm thick 3C-SiC film was grown [7] . After the growth process was completed, the wafer was cooled to room temperature in an Ar atmosphere [3] . After deposition the film thickness was measured by Fourier transform infrared reflectance spectroscopy (FTIR) and confirmed by cross-section scanning electron microscopy analysis. The crystal orientation of the grown film was determined by X-ray diffraction (XRD) using a Philips X-Pert X-ray diffractometer. XRD data showed that the films were single crystal with an X-ray rocking curve FWHM of approximately 300 arcsec. Figure 1 shows the rocking curve for the single crystal 3C-SiC film.
Growth of polycrystalline 3C-SiC films
Polycrystalline growth follows the same procedure as single crystal growth with the exception of a higher flux of the growth species. The process conditions for the samples studied here were therefore identical to those listed above except that the SiH 4 and C 3 H 8 mass flow rates were 300 and 8.5 sccm, respectively. This process resulted in a poly-3C-SiC film with a thickness of approximately 4 µm. 
Nanoindentation procedure
Nanoindentation experiments were performed using a Hysitron Triboindenter. A Berkovich indenter was used to perform all indentation tests. Load controlled indentations were done to determine the elastic modulus and hardness of the films. The indenter tip was calibrated using a quartz standard to determine the tip area function [8] . The radius of the Berkovich tip was approximately 100 nm, which was also confirmed by using the Hertzian theory of elastic contact [9, 10] .
The single crystal 3C-SiC sample had an optically smooth (mirror) surface requiring no polishing prior to nanoindentation. However, the polycrystalline sample had a rough morphology which required mechanical polishing. Polycrystalline 3C-SiC films of the same approximate thickness were prepared on Si substrates from the same wafer lot to conduct indentation experiments. The sample was polished on a polishing pad using 1 µm diamond paste to both thin down the thickness of the film to match the single crystal film thickness and to smooth out the film surface roughness; the resulting film thickness was equivalent to the single crystal SiC film (1-2 µm). Samples were then cleaved and glued to the sample holders using Super glue and placed on the indenter stage for measurement. Each indent was performed individually after scanning the sample surface to ensure its local smoothness.
The low load transducer, which can apply a maximum load of 10 mN, was used to determine the elastic modulus (E) and hardness (H) of the 3C-SiC films. The experiment was carried out at loads varying from 0.5 to 10 mN on both the single crystal and polycrystalline SiC samples. To determine the fracture toughness (K), the low load transducer was replaced with a high load transducer. The above mentioned indentation procedure was followed at higher loads ranging from 100 to 1500 mN.
Small cracks on the surface of the thin films were induced when higher loads were applied. These patterns of cracks were used to estimate the fracture toughness of the films. Cracks come in different morphologies depending on the indentation load, tip indenter geometry and the material properties. The most common types of cracks observed are typically radial cracks for brittle and hard materials [11, 12] . Figure 4 shows the load induced radial cracks propagating from the indentation point using the Berkovich tip. Fracture toughness is calculated by using equation (1),
where K C is the fracture toughness, P max is the maximum load, C is the crack length, E is the elastic modulus and H is the hardness. A is the empirical constant determined from conducting indentation into material with known fracture toughness. It is 0.039 for the cube corner indenter and 0.022 for the Vickers indenter [13] . Having similar face angle, Berkovich tip would have values similar to the Vickers indenter. Equation 1 was originally derived for bulk materials, as it assumes a half-penny shaped crack, and it does not account for the elastic moduli mismatch between the film and the substrate materials. It is not applicable for thin films on hard substrates, where the cannel crack is constrained and does not kink into the substrate. In case of the SiC film on the Si substrate the situation is different, where surface crack in SiC is likely to kink into the Si substrate, thus being half-penny shaped. Wear tests on the single crystal 3C-SiC film were also performed in a 3 x 3 µm area using the low load transducer at 2 µN normal load and 1 Hz frequency. The objective of this procedure was to determine the wear resistance of the sample by repeated scanning of the poly-3C-SiC surface. After a certain number of wear cycles the scans area was zoomed out to 5 x 5 µm to determine the material wear.
DISCUSSION
Load-controlled indentations were performed to varying maximum load, ranging from 0.5 to 10 mN. The load-displacement curves exhibited by each type of 3C-SiC material are compared in Figure 2 (a) and (b). The hardest material had less penetration depth of the tip into the sample surface and hence the graph shows less displacement for the same amount of load applied.
From Figure 2 it can be inferred that at lower load (<500 µN) both the single and polycrystalline samples made elastic contact with the diamond probe. Low load curves help in determining the radius of the indenter tip used in performing the nanoindentation experiments, by using the Hertz theory of elastic contact [9, 10] . At higher loads varying from 5 to 10 mN plastic deformation was observed in the film. Figure 2 (b) shows the indentation done at a load of 10 mN, from which it can be inferred that the indenter penetrated more into the single crystal 3C-SiC film surface compared to that of the polycrystalline 3C-SiC film. Table I reports the average values of the measured hardness and the elastic modulus of single crystal 3C-SiC, polycrystalline 3C-SiC, a 15R-SiC Lely platelet and Si (100) substrate. At least five indents were performed at each maximum load. 15R-SiC was used as a comparison since this material is known to have a minimum amount of dislocations. There is a relatively large absolute variation in measured elastic modulus (±50 GPa), not typically observed in indentation of softer materials. One has to consider the relative variation, which is typically on the order of 10%. The reported mechanical properties are for a maximum indentation depth range between 60 and 250 nm, where quartz calibration is reasonable. Figure 4 shows the microscopic images of cracks induced at higher loads in polycrystalline and single crystal 3C-SiC, respectively. The crack lengths were used to calculate the film fracture toughness using equation (1) . Radial cracks were generated along the sharp corners of the Berkovich tip. Table II gives fracture toughness values of respective SiC films on the Si substrate along with the bulk SiC fracture toughness measured by conventional techniques and nanoindentation [14] . Normally nanoindentation fracture toughness method employing equation 1 gives 40% variability compared with other techniques. The cause for the low fracture toughness in our case compared to the bulk values is due to the tip penetrating into the Si substrate and substrate fracture skewing the results to a lower substrate fracture toughness value. Note that for the single crystal 3C-SiC film radial cracks are aligned along the Si substrate crystallographic orientation (Figure 4b ) opposite to typical radial cracks in the poly-3C-SiC in Figure 4a . [14] 3.1 ± 0.9 
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Since it was determined that poly-3C-SiC film has higher hardness and elastic modulus, thus is better suited for MEMS applications, it was also tested for wear resistance. Figure 5 shows the topography images and corresponding line profiles of the polycrystalline 3C-SiC surface before and after tip-induced wear test performed for 1045 scans. During scanning there was very little or negligible wear, as only 1-2 nm of material depth was removed. This result confirms the high wear resistance of poly-3C-SiC films necessary for MEMS applications. 
